With Monte Carlo method, we investigate the magnetic ground state, magnetic specific heat, and magnetic hysteresis loop for three types of closely spaced nanomagnet arrays in three-dimensional (3D) space. It is found that the magnetic ground state of three nanomagnet arrays exhibits the vortex order, caused by the long-range dipolar interactions. Three types of nanomagnet arrays have almost the same magnetic transition temperature even if their array formation in 3D triangular lattice is different. Some slight jump occurs in the hysteresis loop of the face-centered cubic nanomagnet array, while for the simple hexagonal nanomagnet and close-packed hexagonal nanomagnet arrays no jump is found.
Introduction
The nanomagnet assembly with various arrays received much attention because of its importance for magnetoelectronic devices such as read head sensor, magnetic random access memory, and magnetic resonance imaging [1] and also for emerging technologies such as spin logic gates [2, 3] and magnonic crystals [4] . Currently, the key issue from nanomagnet application is to understand and control the magnetic properties of individual and interacting nanomagnet elements. Individual nanomagnet has a limitation for the permanent information storage due to its random thermal fluctuation at high temperature. By comparison, the nanomagnet assembly has an enhanced thermal stability owing to strong magnetostatic interaction between nanomagnets and hence exhibits a promising application in nanomagnetic logic architecture [5] . The nanomagnetic logic circuits process information by manipulating the magnetization states of single-domain nanomagnets coupled with their nearest neighbors through magnetic dipole interactions. It is therefore very important to investigate the magnetic properties of the dipolar-coupled nanomagnets.
Experimentally, the nanomagnet array can be realized by conventional electron-beam lithography [6, 7] . For one-dimensional (1D) or two-dimensional (2D) array of nanomagnets, the magnetic properties have been extensively investigated experimentally or theoretically in the past decades [8] [9] [10] [11] [12] [13] [14] . However, the three-dimensional (3D) nanomagnet array received a little attention until recently due to the difficulty of fabrication in experiment [15] . In this case, a numerical simulation using a Monte Carlo algorithm is an appropriate way of predicting the magnetic behavior. For assembly of nanoparticles embedded in nonmagnetic matrix systems, the exchange interactions between particles are approximately negligible and the dipolar interactions can be crucial in determining the magnetic states at low temperatures and the magnetization properties in the external field. Different magnetic ordering may occur depending on the array formation of nanoparticle as well as the magnetic dipolar interaction strength between nanoparticles.
In present work, we simulate the magnetic ground state, the magnetic transition, and hysteresis loop of 3D array of the nanomagnet located at the triangle lattice sites with the Monte Carlo method. In contrast to the 2D nanomagnet array [8, 11] , the 3D nanomagnet array in the triangular lattice has three kinds of array formation depending on the order of staggered layers, and different arrays may lead to different frustration magnetic properties. It is found that the magnetic configurations exhibit a vortex order for three types of nanomagnet arrays but different vortex direction. The magnetic transition temperature and magnetization hysteresis loop have also some difference from three types of nanomagnet arrays.
Model and Computational Details
As described often in experimental studies [7] , a magnetic nanoparticle with a given diameter and shape will have a single-domain state and can be viewed as a giant spin. The value of diameter usually depends on the composition and shape of nanoparticle [16] . Here, assume that nanoparticles with the single-domain state are arranged regularly at sites of the triangular lattice in a 3D space to form nanomagnet assembly, and they are magnetically very soft and hence have a negligible magnetic anisotropy, such as the FePd or NiFe permalloy [6] . Consider three types of array formations of nanomagnets. The basic units of array formation out of the plane are displayed in Figure 1 for three nanomagnet assemblies, respectively. The first type is the simple hexagonal array (SHA) where each layer is located directly on its adjacent layer (Figure 1(a) ). The second type is the hexagonal close-packed array (HCPA) where one staggered stacking exists between adjacent two layers ( Figure 1(b) ). And the third type is the face-centered cubic array (FCCA) where there exists another staggered stacking among adjacent three layers (Figure 1(c) ).
The Hamiltonian energy of the nanomagnet assembly is then given by
where ⃗ ( ⃗ ) is a three-dimensional unit vector, representing the spin at the site ( ) in the lattice. The first term on the right-hand side of (1) denotes the exchange interactions with being the exchange energy parameter and the sum running over all the nearest neighboring spin pairs and . Here, the intrananomagnet exchange interactions lead to the singledomain state and hence each nanomagnet can be served as a giant spin. So the exchange energy parameter is zero in our paper. The second term represents the dipolar interactions where is the distance between spins and measured in unit of nearest-neighbor spins.
= 0 2 /4 3 is dipolar coupling parameter with 0 being the permeability of the vacuum, Landé factor, the Bohr magneton, and the real distance of nearest-neighbor spins, and the sum runs over all spin pairs and defining the vector ⃗ . The last term is Zeeman energy from the applied field . Note that here the spin ⃗ is normalized to unity, so that the field variable as well as the dipolar coupling parameter has units of energy.
In the calculation, all three types of nanomagnet assembly contain 1728 nanomagnet elements, and the magnetic moment of each nanomagnet is about 10 6 . The dipolar coupling parameter is taken as 3.62 eV unless otherwise stated, corresponding to the case of closely spaced nanomagnet array. By Monte Carlo method [17, 18] , we simulate the magnetic configurations at the ground state and magnetic phase transition for three different nanomagnet assemblies. The long-range dipolar interactions are considered without any energy cutoff. Our simulation uses a single-spin flip algorithm under free boundary conditions [17] [18] [19] . Start from an initial random magnetic state at very high temperature, and end with a final ground state when the temperature is decreased to 0.01 D with temperature interval of 0.01 D. Moreover, the hysteresis loop is simulated for two different space distances, that is, two different dipolar coupling parameters. To simulate the magnetization reversal behavior, as described in our previous work [14] , the magnetic field is first applied and increased to a certain field where the system reaches the saturated state. After saturating the magnetization in the positive direction, the field is subsequently reduced to zero and increased to − in steps of 0.01 and then increased Journal of Nanomaterials to the positive saturated field + , so that a full hysteresis loop is completed. The long enough MC steps per spin for each hysteresis loop are used for acquiring the thermal equilibrium. To reduce error, each data point is averaged over 10 independent runs in our calculation.
Results and Discussions
Figure 2(a) presents the magnetic ground configurations of the simple hexagonal nanomagnet array. Here, we show the magnetic spin configurations of two layers with opposite vortex orders, one clockwise direction and the other counterclockwise direction, which are the repeated unit of the whole magnetic configurations. All spins tend to point in the plane, and the adjacent two layers have antiparallel magnetic ordering. This is due to the fact that the magnetic orientation of each spin is mainly dominated by the dipolar interactions from its six nearest-neighbor spins in the plane, leading to vortex ordering, while the dipolar interactions from two nearest-neighbor spins above and below the plane mainly result in the antiparallel ordering between adjacent two layers. When the nanomagnets are arranged with the hexagonal close-packed array and face-centered cubic arrays, the magnetic configurations of adjacent three layers are shown in Figures 2(b) and 2(c), respectively. It can be seen from Figure 2 (b) that for HCPA three layers exhibit the same vortex orders direction, but the spins at the vortex center are found to tend to orientate out of the plane as a result of strong dipolar interactions derived mainly from six staggered nearest-neighbor spins above and below the plane. Similarly, for FCCA, the same vortex order is also found in each layer (Figure 2(c) ), but differently the vortex center exhibits an apparent movement among three layers as well as a slight deviation of the spin orientations from the plane.
In order to understand further the magnetic order transition in these nanomagnet assemblies, we calculate the specific heat for three different nanomagnet arrays. Figure 3 shows the specific heat as a function of the ratio of temperature to dipolar coupling parameter. We find one peak in three types of nanomagnet arrays at / = 0.659, which corresponds to the transition from the vortex order to paramagnetic order. The magnetic transition temperature of three types of nanomagnet assembly is almost the same except that the specific heat curve after transition temperature in SHA decreases more quickly than in HCPA and FCCA. Figure 4 shows the magnetization reversal of three nanomagnet assemblies at the ground state temperature (100 K here) in the case of two different dipolar coupling parameters, that is, two difference space distances between nanomagnets. Figures 4(a)-4(c) are the magnetic hysteresis loop of three nanomagnet arrays when the dipolar coupling parameter is 1.62 eV for SHA, HCPA, and FCCA, respectively, while Figures 4(d)-4(f) are results from 3.62 eV. It can be seen that the magnetization saturates at high magnetic field, and the saturated magnetic field is smaller for the loose nanomagnet array than the close nanomagnet array as a consequence of competing interactions between dipolar interactions and field interactions. The shape of hysteresis loop for SHA and HCPA is very similar for two dipolar parameters. For FCCA, some slight jumps occur in the hysteresis loop due to the strong dipolar interactions between each spin and its 12 nearestneighbor spins, and in this case the saturated magnetic field is larger than that of SHA and HCPA.
Conclusions
In summary, we have studied the magnetic ground state and magnetization reversal properties of three types of dipolecoupled nanomagnet arrays, that is, simple hexagonal array, hexagonal close-packed array, and face-centered array, in three-dimensional space by the Monte Carlo method. The magnetic ground state is found to exhibit the vortex order for three different nanomagnet arrays, which is attributed to the long-range dipolar interactions. The magnetic transition from the vortex order to paramagnetic order occurs when the ratio of temperature to dipolar coupling parameter is 0.659, and the magnetic transition temperature is almost the same for three types of nanomagnet arrays. By comparing with the simple hexagonal nanomagnet array and close-packed hexagonal nanomagnet array, we find that the saturated field and remanence are larger for the face-centered cubic nanomagnet array.
